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Power-Amplifier Characterization Using a Two-Tone
Measurement Technique

Christopher J. Clark, Christopher P. SiNgellow, IEEE Andrew A. Moulthrop, and Michael S. Muha

Abstract—An accurate nonlinear model is necessary to optimize
the tradeoff between efficiency and linearity in power amplifiers.
Gain compression (AM/AM) and amplitude—phase (AM/PM) dis-
tortion are the two primary model inputs used to characterize the
nonlinearity. The amplifier's AM/AM and AM/PM characteristics
are typically measured statically using a vector network analyzer.
Since the input is typically a modulated signal, it is desirable to

and AM/PM distortion is occurring dynamically. The simple
technique presented here measures the dynamic AM/AM and
AM/PM at a modulation rate that is more consistent with actual
applications. It is based on the spectrum analyzer measurement
of intermodulation products using a two-tone test signal [9]. The
results may be used in communication systems models in place

characterize the amplifier dynamically. This paper describes and
demonstrates a dynamic AM/AM and AM/PM measurement and
modeling technique involving a spectrum analyzer and two-tone
input signals. A complete analysis of the measurement technique

is presented, along with the data processing needed for the identi- o0 are three basic approaches to amplifier nonlinear
fication of a new three-box model. The test configuration and pro-

cedure are presented with special precautions to minimize mea- modeling, i.e., physics based, C'rc_u't baseq' or blackbox ba}sed.
surement error. Results for a solid-state amplifier are used to ac- The former two methods use device physics to develop either
curately predict intermodulation distortion, while those for atrav-  the transport/electromagnetic equations or a lumped/distributed
eling-wave tube amplifier show good agreement with that obtained  circuit simulation model that must be simulated to determine the
dynamically using a 16 quadrature-amplitude-modulation signal.  ampiifier's nonlinear input/output behavior. The circuit-model
Index Terms—AM/AM and AM/PM, dynamic modulated sig- approach has dominated the characterization of SSAs [10],
nals, high-powe_r amplifiers, intermodulation distortion, nonlinear [11]. For TWTAs, the circuit-model approach has been exten-
blackbox modeling, two-tone measurements. sively employed for practical design, whereas the simulation of
its characteristic electromagnetic equations can require many
hours of CPU time to solve, even on advanced supercomputers.

In systems-level modeling, blackbox approaches are often

ICROWAVE transmitters generally rely on a nonlineaf,qeq \here a topological configuration of linear/nonlinear

M power amplifier as the final amplification stage. Traveomponents is constructed to replicate the amplifier's overall

eling-wave tube amplifiers (TWTAs) are commonly used iy, youtput behavior for a constrained class of signals. The
satellites [1], while solid-state amplifiers (SSAs) are used f@foxes are derived from inputioutput measurements of the
portable wireless communications [2]. Operating these powgdyice, whereas their topological configuration stems from
amplifiers at or near saturation improves power efficienqomputational efficiency and intuition about the amplifier's
compared to linear operation, but signal distortion is generallernal workings. This approach can be implemented using
increased. Since power efficiency is critical for both satellite angmmercially available software. Although these models do
handheld applications, accurate nonlinear characterizationyi employ formal nonlinear system identification principles,
required. The two major nonlinear distortions can be describgglstems_|eve| modeling is dominated by this approach because
in terms of AM/AM and AM/PM conversion characteristicsof ts relative ease compared to more rigorous alternatives.
and these are often used in communication systems modelirfls paper presents a modest extension of blackbox amplifier

[3]. These models are important for predicting end-to-end linkodels that can provide more accurate predictions for moder-
performance, as well as simulating spectral regrowth [4]-[6].ately broad-band modulated signals.

An amplifier's AM/AM and AM/PM characteristics are often  Blackbox modeling approaches assume that the nonlinear
obtained with a vector network analyzer (VNA) by measuringmplifier provides a causal operator mapping (memoryless or
the gain and phase as a function of input power. Typically, thigith memory) between the input signal and the output response
is a steady-state or static type of measurement, which may etitat can be expressed formally as
neously include the thermal [7] or dc bias [8] effects. For com-
munication signals, the amplitude envelope can vary at a fre- y(t)
guency corresponding to the information rate, thus, the AM/AM

whereu(-) is the input signaly(¢) is the output response at time
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of VNA-derived static measurements.

II. NONLINEAR AMPLIFIER MODELING

. INTRODUCTION
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memory of the power amplifier. All blackbox models and forma Two-Tone Dynamic

l tem identification techni Kt e AM/AM, AM/PM Output
nonlinear system identification techniques seek to approxims H,(f) A, AV Hy( ) S
F for a pertinent or general class of input signal$n the latter u(t) L v(t) ¢%f’;:f°§’ w(t) y(t)

case,F' is usually expanded as a integro-operator series that ¢..
tends the standard convolution representation for linear systefigs1. Three-box nonlinear model based on the two-tone dynamic AM/AM,
to the nonlinear case. The terms of these expansions are obtafMéfM technique, wherg. (f.) is the frequency of the small tone (large tone).
from carefully designed input/output measurements and often
involve intensive data-reduction procedures. which essentially shifts the nominal conversions in their abscissa
The majority of current blackbox amplifier models assumand ordinate axes with frequency. Such models assume that the
a bandpass nonlinearity [12] and are based on one-tone staagmory of the amplifier can be adequately captured this way
measurements. This model includes a zonal filter that accouatsl that the qualitative shape of the conversion curves do not
for the inherent filtering of the higher harmonics within theehange with frequency. The former assumption is questionable,
device. This model is valid for most communications problengspecially when a general broad-band signal is traced through
where the input signal is narrow-band in comparison to tiieese models and thought of as being instantaneously a CW
center frequency. As a consequence, these models rely onttiee with some amplitude and phase (as is needed to process
continuity of I with respect tou since they do not formally the signal through the memoryless nonlinearity). These models
identify . However, in the face of broad-band and multicarrigeredict no interaction between the instantaneous tones, although
contexts, wherein the actual signal differs considerably froihis well known that such interaction occurs in a real device
the one used to construct the model, the continuity’ @fan no because of its finite memory. Likewise, the second assumption
longer be used to ensure the model’s predictive fidelity. is known to be invalid in some amplifiers in which the conver-
The simplest blackbox model is the so-caltewe-box model sion curves do change shape with frequency. More sophisticated
consisting of a single frequency-independent memoryless [i.epdels [17] address the latter inadequacy by replacing the one
T,. = 0in (1)] nonlinearity that contains the AM/AM and pair of conversion curves of the memoryless nonlinearity with
AM/PM conversions manifested by continuous wave (CW) ir& finite series of curve pairs, indexed by a finite set of selected
puts at a center frequengy passing through the amplifier. Morefrequencies, which are fits to actual measured data.
formally, if the CW input is given by
A. Two-Tone Technique Signal Analysis
ut) = Vicos(wet +6;) we=2rfe,  Vi>0 () pg two-tone method of characterizing the nonlinearity is
andy; is an arbitrary phase, then the output of this model is givéhStep in obtaining more accurate nonlinear models. With this
by method, the transfer functions may be obtained at a rate that cor-
responds to the modulation envelope, thereby avoiding error due
y(t) = Flu(t)] = V, cos(wet + 6,) (3a) to thermal and dc-bias effects. As will be shown, the two-tone
measurement presented here is based on an input signal that can
where be interpreted as a single large carrier with a small dynamic
V, = G(V) (AM/AM conversion) modulation. H'ence,'the curves obtained by this technique are
A =0, -0, = 4(V;) (AM/PM conversion)} . (3b) termeddynamic carrier amplitude and pha;e conversions
The blackbox model proposed here is an extension of
For a general input signal, it is a common practice to recgst traditional models based on CW tone measurements to the
in the form of (2) withV; = V,(¢) andé, = 6,(¢), resulting in two-tone case, consisting of a two-tone derived memoryless
(3a) withV,, = V,(¢) andé, = 6,(t), where the conversions dynamic AM/AM and AM/PM box sandwiched between two
and¢ in (3b) are applied instantaneously at each time instantinear filters, as shown in Fig. 1. We will take the memoryless
An instantaneous envelope transfer function can be derivednlinearity to be referenced to the nominal center frequency
from single-tone AM/AM and AM/PM measurements using af the power amplifier being represented, and assume that
VNA. Since the input is a sinusoid, the VNA AM/AM measurethe surrounding linear filters can accurately account for the
ment actually provides the sine-wave steady-state transmittafarge-tone frequency dependence of the dynamic AM/AM and
[13]. In the absence of AM/PM conversion, a transfer functioAM/PM. The change in shape of the dynamic conversions
is obtained from the steady-state transmittance by a Chebyshéth respect tof. could be accounted for by curve fitting to
transformation [14]. When both AM/AM and AM/PM exist, measured data [17]. The dependence of the dynamic conver-
the envelope transfer function is complex. In this case, the reédnsG and ¢ on the frequency differencé — f., where f;
and imaginary steady-state components can be transfornethe frequency of the small tone, are obtained from measured
separately, resulting in two instantaneous transfer functionsdata. Note tha& and¢ areenvelopeconversions, wher¥;(t)
quadrature. Good simulation results have been achieved ugilegnotes the two-tone envelope function. In order to develop a
this approach with a variety of nonlinear devices and inpéull simulation model from this blackbox topology, one also
signal types [15]. In addition, modifications of this approachas to obtain both the amplitude and phases of the two filters.
have been used to accurately predict spectral regrowth Adfhough procedures for the identification of the complete
digitally modulated signals in FET power amplifiers [16]. model will be given, its application will be primarily restricted
In order to handle frequency-dependent effects and nonzésahe determination of the simpler one-box dynamic AM/AM
memory, the one-box model is augmented with one or two lineand AM/PM model. This was done so as not to obscure the
filters preceding or surrounding the nonlinearity, respectivelgpint that a dynamic measurement is more representative than



1592 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 6, JUNE 2002

Directional
Coupler
@ j
Small signal
atf .+ Af
Power Meter
(fo + Af)
DUT
o (Power
Directional Amplfier) Directional
Coupler Coupler
| Spectrum
Analyzer
@ ] | ) (ot o)
: Directional
Large signal
g at fcg Coupler
Power Meter Power Meter

fc) (fe)

Fig. 2. Dynamic AM/AM, AM/PM test configuration.

a static measurement in characterizing the actual operation dl@avever, we will assume that the carrier amplitude and

power amplifier in modulated signal contexts. phasd .4, are identical for the two injection cases, respectively.
In order to deembed the various components of the proposHtk latter assumption will be used below for the large-signal

model from input/output measurements, it is necessary to ctlro-tone input case.

culate the outpuy(¢) for two special cases of its inpuit): a From power meter and spectrum analyzer measurements

small-signal two tone and a large-signal two tone. The two tongade at the input and output of the power amplifier (see Fig. 2),

will consist of a large tone at the center frequericand a small the following ratios are calculated with the help of (7):

tone at some offset frequency

r

__ Input small-signal amplitude gt.

fs=fx=fcxAf (4) "7 Input small-signal amplitude at.
whereA f is the magnitude of the frequency offset. More pre- _. i
cisely, Vi
u(t)=Acos(wct+0.4)+acos(wit+6,), A,a>0 (5 — %

where the phases, andé, are arbitrary. The calculations for

both types of two-tone inputs—i.e., with the small tone above or =% (82)

_ Output amplitude af+

below the main carrier, designated as the high-side and low-side Ty = 2
injection cases—will be done simultaneously. By convention, Output amplitude af.
the upper (lower) signs in the following results will apply to the g
high-side (low-side) injection cases, respectively, unless other- = Yy
wise stated. e
Suppose the power amplifier is subjected to a small-signal —a |H1(fi)||H2(fi)| (8b)
two tone, as in (5), so that =: A, anda =: a, are small § |H1(f)||Ha(fe)|

enough for the gain and phase conversions to be given by The superscripts” in these quantities indicates that they are

GV fs — fo) = GsVi d(Vi, fs — fo) = ¢bs (6) reference measurements performed under linear operation. Note

i from (8) that
whereG, and¢, are constants for alf, in the passband of the

amplifier. It is clear that the output of the three-box model in e |Hi(fe)||Ha(f2) ©)
Fig. 1 would consist of the same two tones as went in, modified MI | H(f)|H(f)]
in amplitude and phase as follows: For the large-signal two-tone case, we let the tonal amplitudes
y(t) = AGL|Hi(f2)||H2(f2)| be simply denoted byt anda, with the additional condition that
% COS [wct F 04 +ps+ LH(f) + ZH2(fc)] a < A. Due to the distinct separation of frequencies(t) [as
o seen from (5)] and linearity, it is clear that the output of the first
+a. G, |Hi(fa)] | Ha(f2))| filter Hy(f) = |Hy(f)|e? 4 (9 will be given by
X COS [wit +6,, + s+ ZH (fr)+ [Hg(fi)].
) v(t) = Beos(wet + 0p) + by cos(wyt + Op1) (10a)

For the sake of notational simplicity, we le} andé,, denote where
both of the two possibly different values of the offset-tone am- B == A|H1(fe)|, b := a|Hi(fz)] (10b)
plitudes and phases, respectively, for the two injection cases.gy := 4, + LH(f), 6px :=0,+ /H(f1) )



CLARK et al: POWER-AMPLIFIER CHARACTERIZATION USING TWO-TONE MEASUREMENT TECHNIQUE 1593

From (10b), it will be convenient to define the ratio wherehs(t) is the impulse response corresponding to the filter
Hy(f) [i.e., ha(t) = [T Ha(f)e?* 7' df]. In order to develop
By = be —a Hi(f+) — (11) the two-tone dynamic method, it is necessary to expa(g
B Hi(fe) A in (15) about3y = 0, keeping terms only up to ordet., as
In view of (11), we will assume that the gain of the filtdg ( /)

follows:
is such thaidy <« 1 as well. In parallel with [9]x(¢) must be dw(t)
expressed in terms of an AM and PM modulated carrier at the w(t) = w(t)ls. o + B+ |4 o
frequencyyf. in order for the dynamic conversions to be applied. vz
Using standard results from analytical signal theory [20}) Denoting byw!s(#) andw' (¢) the expansion in (17) for the case

Be+0O(BL). (A7)

can be written as of high- and low-side injections, respectively, it follows from
(14) and (15) and several trigonometric identity manipulations
v(t) = Vi(t) cos [wet + 6;(¢)] (123) that

where W (1) = G(B, Af) cos [wet + 0p + ¢(B, Af)]

Vit) = \Ju(t) + v (8) +BLG(B, A f){sf;s cos (wt + o)

12b
6:(t) = tan—t LQ(%)] (12b) — 51 cos(w_t + ¢ES)} +0(p)
(18a)
and where
vi(t) = v(t) cos(wet) + 4(¢) sin(w,t) } (12¢) . )
. C 15 15
vg(t) = —v(t) sin(w.t) + () cos(w.t) 5F = 5£(BAf) 12
©(t) is the Hilbert transform of:(¢) in (10a) given by - 1 14+ w : +[B¢' (B, Af))?
2 G(B,Af) ’

(t) = Bsin(w.t + 0p) + by sin(wxt + Oy1). (12d) (18b)
From (10a) and (12b)—(12d), one can show that the amplitude $4 = ¢4 (B, Af) = 6y + 65 (18c)
and phase modulations are given exactly by ¢ = M (B, Af) =205 — Oy, + 6™ (18d)

1/2 ehs — ehs B,Af
Vi(t) = B[1+ B} + 28 cos(£Awt + 65| (13a) £ =B A))
- B¢ (B,Af)
h — P 1 )
where P(B,Af) =+ tan . BG(B.Af) (18e)
0L, == 0,4 — 05 (13b) G(B,Af)
and and
. - Is _ _ —
6:(t) = tan™! {Sm b + Py sin(EOW 4 brt) } (13c) (1) =GB, —Af)cos [wet+05+¢(B, ~Af)]
cos 0p + [y cos(LAwt + 6,4) +8_G(B, —Af){Sl_s COS(w_t—i-(/)l_S)
respectively. To orde.., these expressions can be expanded in — ¥ cos(wyt+¢)} +0O(82)
a Maclaurin series as follows: (19a)
Vi(t) = B[1 + Brcos(Awt +65)] + O(B1)  (148) where
0:(t) = 0p + Besin (£ Awt +65) +O(B1).  (14b
(0= 00+ fusin (2 8wt B+ OUR) Q40 g _ i Ay = sie(B.AF - —Af) (19b)

T_he;e expressions will be useful below when a simi_lar egpa(pli = ¥ (B,Af) = ¢§‘FS(B, Opy — 0. Af — —Af) (19¢)
sion is done for the outpui(¢) of the memoryless nonlinearity.
Applying the two-tone dynamic conversions to the signal iandtan™*(n /d) falls in the quadrant dictated by the location of
(12a) yields the ordered paifd, n).
Passing the responseé®(¢) andw' () through the second
w(t) = G[Vi(t), A f] cos {wct + 60;(t) + ¢[Vi(t), £Af] } filter Ho(f) in the three-box model leads to the final outputs

(15) yhs(t)
whereV;(¢) is as in (13a) or (14a), anf}(¢) is as in (13c) or = [H2(fe)|G(B, Af)cos[w.t+0p+d(B, Af)+ 2 Ho(fe)]

(14b). Finally, for the general case, the output of the three-box 3. G(B.A H Gls Ls, /H
(140). Finaly, fo LGB AP oL S cos w0 +LHo(f)]

: | Ha(f_)]S™ cos [w_t-+¢™ +/Ha(f_)] }+0(/31)
o)) = w)@ha(t) = [ ha(ryutt -y (6) 20)
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and B. Three-Box Model Identification

Y (1) The determination of the components of the newly proposed

- dynamic three-box model is a generalization of that already
= [Ha(fe)|G(B, —Af) cos [thJreBH)(B’ —Af) done for the static case of the model. It is a two-part process,

+/Hy(fe)]+5-G(B, —Af) the first part involving the determination of the two linear filter
x{|H2(f_)|Sl_S COS [w_t+</)1_s+AH2(f_)] responses, w_hiIe thg second part concerns tl_we deembgdment
of the dynamic amplitude and phase conversions. As will be

—|Ha(f+)|S% cos [wit+¢k + ZHQ(er)]} +0(p%). seen from the treatment below, the components of the model are
21) not uniquely determined from the small-/large-signal measure-
ments just presented. As a consequence, there are many pos-
Proceeding in a manner similar to the small-signal case, we cgible versions of the model that can be proposed, each one dis-
culate from (11), (20), and (21) the following measurement réinguished by the particular choice of additional constraints im-

tios: posed on the model components. For simplicity, only a few rep-
Input large-signal amplitude At resentgtive versions of the mc.)dell will be .present.e.d here.
i+ “= Tnout large-signal amplitude At 1) Filter Response DeterminationThe first additional con-
straint to consider occurs in the small-signal regime of opera-
v tion, involving the apportionment of the gain and phase shift of
T Ve the power amplifier between the two linear filters and the two
— (22a) dynamic conversion curves [see.(7)]. By convention, thgre is
e High-side output amplitude At only one ;fet ctthegnar];rllhc_ conv;rflf)r?] curves to be usled in an?/
o T e : given manifestation of this model. These curves are always ref-
High-side output amplitude At erenced to the center-band frequerfgyare chosen for some
) hs fixed and convenient offset frequendyf, and are based on ei-
T Vhs ther high- or low-side injections. As such, it follows that the
H I two linear filters will bestow frequency dependence upon these
= i' ()l H2(f+)] 04515 (22b) two curves through the actions of their gains and phases. In the
|H, (_fc)| |H2(fe)] _ course of the model identification, however, it will be necessary
M, = Low-side output amplitude #t for both f. andA f to vary in order to cover the passband of the
° Low-side output amplitude &t power amplifier. There are two representative approaches that
Vis can be proposed for the model’'s small-signal response decom-
= Vofsc position. The first approach would impose the condition that the

two dynamic conversion curves have unity gafi. = 1) and

zero phase shiftp. = 0) in their small-signal regimes, respec-
tively, for all Af and f.. This allows the two linear filters to
exactly contain the small-signal behavior of the power ampli-
fier. In the second approach, the small-signal gain and phase of
the dynamic conversion curves are not set to a particular pair of

s_urementi; ifthe ratfi is —30dB, then the tgrror N OUTeXpan-yayes, but are still constrained to be constant across the pass-
sions fo:}’ (t)dandg (t)h's appromm%el;y 3%. If we accleptoedband of the power amplifier, while the two linear filters are re-
a ratio of—24 dB, then the error would be approximately 6/‘"stricted at the center frequengy to be given by

One of the basic components of the model to deembed are
the dynamic gain and phase conversions. From (18b) and (19b), Hi(f.) ! Hy(fo)=1. (24)
we see that the quantiti€s® and S} contain the necessary el- 7 Amax ‘

ements to construct a good approximation to the desired cQfsre, 4, designates the value of the input carrier amplitude
versions. Using the measurement ratios in (9) and (22), we CaRg the power amplifier that maximizes its output carrier ampli-

:jF|H1(f—)||H2(fi)|
[ Hy(fe) |l H2(fe)

Since the input large-signal amplituderemains identical for
the two injection cases, it follows th&f’:* = V. In these mea-

aSk. (22¢)

solve forS¥* andS¥ to arrive at tude for the two-tone offset and injection type to be used in the
Al M final model. In this case, the two filters have zero phase at the
Shs = °+> <—Z+ center frequency, and the small-signal constaftsand ¢, in
M M o oot | ;
¢ ot (23a) (6) can be determined from direct input/output measurements.
gus _ Mbs My, |Ha(f1)] Using (24) in (7), it follows that_the small-signal carrier gain and
- M,_ Mz, |Ha ()] phase_of the memoryle_ss rjonllneannf@(and for all other fre-
guencies and offsets) is given by
and Ay
Sk = Sh(hs — s, sub— — sub+) } (23b) Go= =2 o =Poc— b4, (25)
Is _ ¢hs . ?
52 = 53¢ (hs — s, subt- — sub-) where the input carrier amplitude, is chosen small enough

With the results of this two-tone analysis, the components of tee that the power amplifier is operating in its linear regime, and
three-box model in Fig. 1 can be derived, as will be describéq.(#7.) is the small-signal carrier amplitude (phase shiftj.at
in Section 11-B. Note that if a small-signal VNA sweep of the power amplifier
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is also made [denoted by, ( /)], then for the first approach it to be equal tof_ and proceed to obtain the lower part of the
follows from (7)—witha, = 0 and f, = f varying across the band in a complementary manner. In this widyz (/)| will be

band—that obtained relative to the midband frequency gain. Finally, in the
|M55(f)| - |H1(f)||H2(f)| case that (24_1) is impos_ed, the obtained ggirﬂ@(f) can be
IMoo(f) = ZHL(f) + ZHs(f) } (26a) shifted to arrive at a unique response solution.
ss\S /T L 2 The second simpler and more preferable means of de-
while for the second approach termining |H>(f)| involves the imposition of an additional
|M55(f)| _ G5|H1(f)||H2(f)| normalization condition on the particular dynamic amplitude
} (26b) conversion curve chosen for the model as a function of its
LMos(f) = LHL(f) + LHa(f) + s center frequencyf.. In essence, this condition will focus on

whereG; and¢, are as shown in (25). maintaining the constancy of the maximum of this curve with
Despite the imposition of the above conditions, it can be sesspect tof., imparting all of its frequency dependence to
from (7), (23) and (26) that the two linear filter responses are stilf>( f)|. This method is also more physical in its interpretation
not determined uniquely. To pin down these responses, sevenad will automatically lead to gain responses that satisfy con-
possible additional conditions can be imposed that separatdiiion (24). The specific procedure is as follows. First choose
determine the gain and then phase responses of the two filterset of frequencieg,,kt = ..., —1,0,1,... that covers the
For the gain responses, there are two possible ways of obtaingayver-amplifier passband, includes the center-band frequency
|Ha2(f)| that can be proposed, with{; ( /)| then following im-  f.. (with f, defined to bef.), and are uniformly spaced by the
mediately from (26). The first way to obtain the gain responskesired frequency resolution for the resulting gain response.
of Hs(f) is based on (23). In particuldl»( f)| is taken to be Next, choose the desired two-tone separatighand injection

such that type that will be used in the model’s center box. Letting the
s s carrier frequency take on the value fif, apply a two tone to
Sy =52 =5 (27)  the power amplifier with the usual condition that the amplitude
It then follows from (23a), (23b), and (27) that ratio « in (11) is much less than one. Vary the amplitudlef
' ' the input carrier until the output amplitude #t reaches its
MY (M (ME (M 1/2 mMaximumCiax = Cuax(fx). The gain response di(f) is
e [(2) () () ()] e s
and |H2<fk>|=g“Lgf§, k=...,-1,0,1,.... (30)
” Is ” 1/2 max\.Je¢
H(f+) = [(Mzh: ) <M‘j,+> <M"+> <Mﬁf )} . It should be emphasized here that if a different two-tone separa-
Hy(f-) M2 ) \Miy ) \ Mg ) \ Mg tion or injection type is to be used in the model, this procedure

(29) ' must be repeated sin¢tH>( f)| will necessarily change.

Observe that the expression in (29) provides the ratio jn!n the same manner as for the gain, the phasHff) can

gain of the filter H.(f) between the sidebands. By varyind’® obtained in two different ways, with the phase®f(f)

the center frequencyf. entering the power amplifier, and@9ain |mmec_i|ate_ly_ following from (26) (d_|rectly for th_e f|rs_t
fixing the frequency location of one of the sidebands by tHB€thod and implicitly for the second). In this case, the first sim-
appropriate choice of the frequency offsatf, the actual pler way of obtalnlngHQ(f) is essentially _art|f|C|aI_, while the
gain of H(f) can be calculated to within a constant that igecor_ld more comp_llcated approach provides a rigorous result.
equal to the absolute gain di»(f) at the fixed sideband The first approach is analogqus to the second one used to ob-
frequency. In particular, ifH>(f)| is to be determined aV tain the gain response &éf>(f) mthaF the same set of_two-tone _
frequency points, one could fix the lower sideband at the lowBl€asurements are made as described above. Again, the ampli-
band-edge frequency._, with some initial choice of\ # that tude A of the |r_1put carrier is varied until the o_utput amplitude

is equal to half of the desired frequency resolution|fds( f)|, &t fr reaches its maximum, but the total carrier phase change

and with an absolute gain &, := |H»(f_)|. Calculating Dax = <I>max(fk)_with this_input is noted instead. The phase
the quantity on the right-hand side of (29) would then givieSPonse of>(f) is then given by
|H2(f+)| to within the constantz;. Moving f. to wherefy  /H,(£,) = ®pan(fi) = Prnax(Fe), k=...,—1,0,1,....

was and repeating the necessary measurements and calculations (31)
with Af replaced by2Af will result in [Ha(f— + 4Af)]

modulo G;. One can then continue in this manner to arrivBlote from (31) that/H:(fo) = 0, thus satisfying condition

at |Ha(f- + 2kAf)|moduloGy,k = 1,...,N. Note that (24). This approach can be considered arbitrary since it is one
each time the center frequency is moved, the measuremenbbén infinite number of ways of distributing the actual carrier
the eight ratios in the right-hand side of (29) must be donfsgquency dependence of the dynamic AM/PM conversion be-
although this can be easily automated to make it a relativelyeen the phases of the two linear filters. This is in contrast to
quick procedure. One may not want to use the lower frequenaynat occurs for the dynamic AM/AM conversion, where there
point f_ as the reference since the band edge often hassa clear and unique distribution of the carrier frequency depen-
lower signal level and a lower SNR than other frequencies. @e@nce between the two filters. In fact, it can be seen from above
overcome this problem, chooge to be midband and proceedthat|H:(f)| takes care of the output variations of this conver-
as outlined above. Then fix the upper sideband frequghcy sion, while itis straightforward to see that, ( /)| actually takes
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care of the input variation of this conversion. Indeed, an altashere
native way of obtainingH, ()| is to take it to be given by

) or =GB, AL ppt = ¢ (B AS) (36d)
|Hi(fx)] = ()’ k=....,=10,1,... (32) jnyolving the previously determined dynamic AM/PM conver-

) ) ) sion</)(f/ic, Af). The expressions for the low-side injection case
where Au.x(fx) represents the input carrier amplitude thgf,, 4 e entirely similar with subscrigt(—) replaced by sub-
gives the maximum outpu't carrler.a}mplltudg.ax(fk). Again, script—(+), superscriphs replaced by superscript, andA f

this result is consistent with condition (24) sinfg..x(fo) = replaced with-A f in (36). Using basic Gaussian elimination, it
Amax defined there. Of course, the result in (32) must B g ot that the above nine conditions reduce to four indepen-
consistent with that obtained from small-signal VNA measurer.nt ones on the six UnKnownsH; (1.), ZHi(fox )i = 1,2,

menhts via (2%)' hod of caleulati i hence, allowing for two free variables that must be chosen
The second method of calculatingd> (/) actually encom- i, 4146 Suppose the four basic variables are taken to be

passes the rigorous determination of both filter phases, andz JH and/H. and let the free variables
quires that the procedure in the following subsection be appli glélg;(j})’) ana(zfz)[;(fo ) vii%o\;a)l,ues set to
firstin order to arrive at the necessary dynamic AM/PM conver- ¢ o

sions¢(V;., Af) for the appropriate offset amplitud®f and LH(f.) =0 ZHs(for) = —TseAS (37)
carrier frequencies. It suffices to mention here that this latter , .

procedure only requires treepriori knowledge of the gain re- wherer,, |sth(? delay th_rou_gh theT power amplifier at center band
sponses of the two filters, and these would have already be#ifier small-signal excitation. Finally, suppose that

obtained as outlined above. The basic procedure is as follows, by = A, (38)
which begins at the center-band frequenfyand then walks

across the passband, using low-side injection to the riglft ofi.e., all the center-band small-signal phase shift occurs in the
and high-side injection to the left gf. Again, afilter resolution model’s nonlinear box, as done in (25). It can then be shown
A fis chosen for the phase responses, and both small- and laket the solution to the four remaining independent equations is
signal measurements are made at the first three frequenciesgiven by

fow = f. £ AF. (33)  ZHi(fo-) = Avpo — Aoy — Wi + 204 — b0 + P5

For the small-signal VNA measurements made with the two — tan”H(B2pY) — 1o Af (39a)

tone in (5), the following equations would be obtained from ZH:(f.)=0 (39b)

(7), relating the measured phase shiftg.., Ay between the LH(for) = Atpog — Aipe + Toe A S (39¢)

output phases., o1+ and the input arbitrary phaseés,, 9., . _ _

respectively, at the three frequencigs : LH(fo) = Atpo- = Atpe = LH(fo-). (39d)
Note that the zero phases for the two filtersfais consistent

At = 1. — 04, = ¢s + LH1(f) + LHo(f.) (34a) with (2 zero p wo filtersfa |

Atpox = Yot — ba, = ds + LH1(fox) + ZHa(fox) (34b)  Todetermine H;(f),i = 1,2 across the amplifier passband,
where, again, the small-signal phase conversiois taken to be 22/ Stepping process is taken to the right and leff.okeeping

constant for all frequencies in the amplifier passband. MoviﬁEe spacing between the two tonesaf. Let the frequency of
into the large-signal regime, the input carrier amplitugigt ~ the large carrier be denoted by

that provides the maximum output carrier amplitude for both | N n=. . . —1.0.1.... (40a)
high- and low-side injections would be noted (they could be e ’ T
different values), providing the values with fy := f..Letthe sideband frequencies for the two injection
types be denoted b
Byt = AT Hi(1.) CONGE g
ot = fn T AS, n=...,—1,0,1,.... (40b)

for the input to the dynamic conversion box using (10b) and the

previously calculated gain respondé, (f)|. Using these two It can then be shown, in general, that foe= &k, k = 1,2, ...
tones as inputs, time-domain measurements would be made and

Fourier analysis would be used to arrive at the phases (upto an ar- Je=Jo-+  Je- = S (41a)
bitrary constant) at the three frequencies. If high carrier frequefpiie forn = -k & = 1.2,

cies are involved, then accurate time-domain measurements can ’ o

be obtained using a previously developed baseband technique Jorwr = ok for = forg)— (41b)

[18], [19]. Using (10b) and (18)—(21), six additional relations

would arise, the three for the high-side injection case given bm addition, for eac = £k,k = 2,..., there are only two

ore unknowns to be determined, namelyf;( fi+),¢ = 1,2

U =0, + ¢ + LHi(f.) + LHa(fe) (36a) forn = kand/H;(f_j_),i = 1,2forn = —k. Thisis because
The =0, + o2 4 tan™t (B o) + LH(f results from the previous value afapply to the current value
ot o ( * 0+) o) through the relations in (41). The two additional independent
+ ZH>(foy) (36b)

s at L eat sat equations needed to determine these unknowns come from a
W62 =204 — 0o + ¢5y — tan™ " (BT'pgY) + 2ZHa(fe) small-signal VNA measurement At ... for n = +k, as well as
— LHi(foy) + LH2(fo-) (36¢) alow-side (high-side) two-tone injection #t(f_;) for which
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the phase for the opposite sidebanghat( f__ ) is determined. S+ in (40a) with offsetstAf. The procedure for this
Explicitly, these equations are derivation from spectrum analyzer measurements is the

subject of Section II-B.2. The same comments hold for

Apry = ¢s + LH(fag) + LH2(frg) (n=k) (42a) the slopes
Ap_ie = ¢y + LH (fops) + LHo(foi) (0= —k) p )
sat
( ) +hkt d‘/zc ( ) Vic=B§:at
f(_)r the small-signal VNA measurements, while for the large- 6) The amplitudesss2t are given by
signal measurements they are
Bt = AL Hy () (47)

Uk =204 — b, + ¢ — tan™! (B2 p5t)
+2/H (fe—1y+) — ZHi(fr1) + ZHa(fry) } which will vary with n and assume that the gain response
(43a) |H1(f)| has already been obtained.
2) Dynamic Conversion Determinationthe second part of
the deembedment p}ro;:edure is to obtain—using the sideband
hs  _ sat —1 ( psat_sat amplitude quantitie§ >~ derived above from measurements—
Ui = 204 — o+ ¢ —tan™ (BEY5) expressions for the djg/namic AM/AM and AM/PM conversions
+24H1(f(—k+1)—) — LH\(fowy1) + ZH2(f-x-)  and their derivatives at. = 0, thereby relating the input car-
(43b) rier amplitudes and phases to the output carrier amplitudes and
) L . phases for the memoryless nonlinearity. We will present a de-
for n = —k, which are generalizations of (36¢) and its l0oWgyjieq discussion only for the high-side injection case, giving
side complement, and we have used and (41). Observe gl the resuits for the complementary low-side injection case.
the quantities/ Hy(fi—1)+), ZH1(fr—1), ZH1(f-r41), @nd  Note from (18b) and the analogous voltage definitions in (8)
£H(f—k+1)-) are already known from the previous measureg, g (22) applied to the memoryless nonlinearity in the three-box

ments taken witth = +(k — 1). The solutions of (42)~(43) mqdel (denoted with a “*" over the voltage variable) that
and for the special case (38) are given by

forn = k£ and

18 2 18 2 15 (1) 2 1S (Y 2
LH(fies) = Apry — Do — U, +20,4 (55)7 = (52)? =[S (Vies AS) | = [8™ (Vies A1)
— 0o + 3 — tan™! (B™ i) _ BG'(B,Af)
+2/H (foys) — ZHi(fe1)  (44a) G(B, AJE) |
Vie 0G(Vi,Af
= 48
and P Vi s (48)

Is sat —1 sat sat
LH(fie) = Wiy = 204+ 80 — 5% + tan™ (B20RT) Observe from (14a) thdt; = V;. at; = 0 and, hence, the
—2LH(fe—1)+) + LH1(fri—1)  (44D)  fynctional dependence @¥(V;, Af) on V; would be identical
to that of G(V;., A f) onV;.. Thus, their derivatives with respect
toV; andf/ic, respectively, would also be functionally identical.
(HI(f o ) =DM p — Atpe — UM 4204 — 6, + ¢, Assuming that the partial derivatives 6(V;, Af) are contin-
_ —1 ( psat_sat uous with respect td;, and sincéV; is smooth with respect to
tan”" (BY0T5y) + 208 (Jh) ) Ay, it follows that

forn = k, and

— LHy (f—py1) (45a) A
- IG(Vie, A (7 hs
and WGVLAN| 06V A) _dVer g
a‘/z ,@+—>0 a‘/z d‘/zc
o his _ _ sat
H(frm) = Wi = 204 B = @70y for a fixed value ofa f. With (49) in (48), it follows that
+ tan (B+ p—k+) - 2ULIl(f(—kJrl)—) N ~y
- LH (i) (45b) (58)2 = (st)? = Vie @Yo (50)

Vhs d‘/zc
for n = —k. To recap, the following remarks are in order con- . ¢ ) _ )
cerning the phase response solutions in (39), (44), and (45).Since itis standard to report AM/AM values in decibels/decibel,

1) The phase shifte\¢:srs,k = 0,1,..., and Ag. are ::)wnl_l?]e qe;:essaglbto convErt :che nghr-hand side of (50) to a

directly measured by a VNA. garithmic form. Observe that for a voltage

2) The time delay,. is also a measured quantity. _Inl10
3) The phase shift¥} k = 0,1,... are obtained from dV = —-Vdv dB. (51)

a Fourier transform of a mea_sgred time-domain signal Gtsing (51) in (50), the dynamic carrier AM/AM is given by
the output of the power amplifier.

4) The phase84 andd, are arbitrary so that all the phases dV(dB) _ (G1s)2 _ (gl
are known only up to an indeterminate constant. df/ic(dB) - ( +) - ( - ) (52a)

5) The phase shiftg5%_,k = 0,1,... are obtained from ~ ) N
the derived dynamic AM/PM conversions referenced to st .= Sl (Vic = 10" (4B)/20, Af)
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and, similarly, for the low-side injection case by wherex is an integration constant and
y IS -~ -~ 15 (; 2 15 (; 2
WD) _ (51— (5 eag o [ [EFTAD] - [s20an)
Sk = % (Vi = 107:(8/20 A ) (56b)
Note that the right-hand sides in (52a) and (52b) are unitless#Plying the small-signal condition (6) to (56a) and solving for
view of the expressions fcglilszls given in (18b) and (19b). ¢", the dynamic carrier amplitude conversion is given by

In an analogous fashion for the phase, it follows from (48),

: foll Vi (U Af) = QY7 el Ve AN =1 (Vi,AD] 57
the “+” instance of (18b), and arguments similar to the ones  °°¢ ( ’ f) ic® (57a)

used to prove (49), that and, similarly, for the low-side injection cagks — 1s), with
212 B (Vie, Af) 1= 11 (Vie, Af) (57b)
R hs 1 Shs 2 _ Shs 2 L ( ey . L icH Ls , Gls
V0 gy J (st — | LD Z (52) ] S-S
ic 2 instead. In both case§;. = |H1(f.)|A = A/Amax aSsuming

(53) (24) holds.

Proceeding in a similar manner fgfs, it follows from (53)
where ¢ denotes the output carrier phase relativédgofor  that

high-side injection [see (18a)]. Similar to the convention for e o e s
AM/AM, it is customary to calculate and report AM/PM values oo (Vie, AF) = " (Vie, ASf) + (58a)

in degrees/decibel. Using (51), (53) can be written wherex is an integration constant and

d Ei(deg) (I)hs(f/ic Af)
d‘/lc(dB) hs\2 hs\272 V2o
shy? _ (e 212) 7 =42 [ {(s%)? - L (5~ (52) WVie
_ i181n 10 (S«hs)2 _ 1 + (S-l-) B (S—) + 2 V;
o " 2 (58b)

(54a) Imposing a small-signal condition, as done aboveWfgf, the
constantk in (58a) can be determined so that the dynamic carrier

and, similarly, for the low-side injection case by SR
phase conversion is given by

1s
% I (Vry AF) = 6, + B0 (Vie, AF) — B0 (VE, AF) (59a)
" o a2y 1/2 and, similarly, for the low-side injection cagks — 1s), with
181n10 ) 1+ (S%)" — (5% ) )
=4 71: {(51_5)2 _ ( )2 ( +) ] } ‘I’lS(ViC,Af) = @hs(vicaAf) g (59b)
£752

(54b) instead, and in both casdg;, is as above.

chs,ls

where S is as in (52), and the sigtt is left undetermined
(although it is known that these derivatives are continuous with _ _
respect toV;., and that they are zero in the linear regime of AS discussed above, the test system described here can

I1l. M EASUREMENT PROCEDURE ANDPRECAUTIONS

operation [see (6)]). obtain dynamic AM/AM and AM/PM from measurements of
The last determination to be made here is that of the dynar®igly intermodulation product amplitudes [9]. Since no phase
carrier conversion curves measurements are required, the test equipment requirements
el rheds /v are simpler and less costly than those used in the VNA-based
Voe & = Voo ( ichf) static approach. A block diagram of the measurement setup

is shown in Fig. 2. The input signal to the power-amplifier

device-under-test (DUT) consists of two CW tones, one at
bs,ls — 23715(@C7Af) fe + Af being 20-30 dB smaller than the other tonefat

The output signal would consist of tones only at the two
from the measurements ¢y = S¥®(V,., Af). Again, input frequencies if the DUT were linear. In a nonlinear DUT,
only treating the high-side injection case with any detail, w&M/AM and AM/PM conversion generates an intermodulation
return to (50) and rewrite it as follows for a fixed valueAf: product atf. = Af. In order to deembed the two filters for the
three-box model, however, several additional measurements

and

(7hs 4
d}/i = [(5};5)2 — (555)2} % (55) are necessary, depending on the approaches outlined above.
Vihe Vie Such measurements include small-signal VNA sweeps across
so that, by indefinite integration, we find that the power-amplifier passband, moving the aforementioned

o o two tone across the same passband and locating its maximum
VIS (Vie, Af) = erer” (Vi) (56a) carrier output and corresponding phase shift, or possibly even
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time-domain measurements and Fourier analysis in orderewor in this value. In contrast, if the AM/PM i$ 4B, then an
obtain the necessary phase shifts in the large-signal regiragor in the normalized sideband amplitudes of 0.1 dB yields
With the gain of H»(f) in hand, the amplitude measurementkess than 5% error in the AM/PM value. Note that, in devices
of the two input tones and of the three output tones for bottith low AM/PM, nearly all the signal distortion is caused by
injection cases yield all the information required to calculatihe AM/AM curve, so the two-tone technique can still be used
the dynamic AM/AM and AM/PM conversions. as a means to generate a dynamic AM/AM curve, even though
To derive the dynamic AM/AM and AM/PM, a referencethe AM/PM results will be subject to large error.
measurement is first made where the input tones are reducedhis technique may not be applicable for all types of power
in power to the point that the DUT is in linear operation. Siamplifiers. Erroneous results may be obtained for power am-
reference measurements are made: the input vokiggat f., plifiers having more than one nonlinearity (e.g., a multistage
the input voltage’/, at f. + Af, the output voltagé’”. at f., amplifier with more than one saturating stage or an amplifier
and the output voltagg”, at f.+ A f. The input tones are thencontaining saturated devices in parallel).
increased in power to the desired operating point. Eight addi-
tional measurements are made: the input voltegeat /., the IV. M EASUREMENTRESULTS AND DISCUSSION

input voltageV;« at f.+ A f, the output voltag&7:" at /.., the This section of the paper provides measured results for am-

output voltageﬁ/(lfi at f. £ Af for high-side injection, and the i that are typical of those used in microwave communi-
outputvoltages’,}. atf.+A f forlow-side injection. Havingall ¢4tjon systems. Measured results and validation is included for
these measurements, the ratios in (8) and (22) can be easily g8, SSA and TWTA devices. A simple one-box version of the
culated. The next step is to then calculate(f)| using either | three-box model is constructed for an SSA from two-tone

of two procedures described in Section II-B.1. The normalizégeasyrements. Good agreement is obtained between the model
output amplitudes of the sidebands, denoted }fy” at the fre- ‘and intermodulation product measurement over a wide range of
quencyf. + Af can then be obtained from (23). The dynamig,nt jevels. A TWTA is measured in the following three ways:
AM/AM (decibels/decibel) and AM/PM (degrees/decibel) are 1) statically with the network analyzer:

then calculated from (52) and (54), respectively, while the dy- 2) dynamically with the two-tone techﬁique;

namic AM/AM conversion curves are obtained from (56b) and 3) dynamically with a 16 quadrature-amplitude-modulation
(57), and the dynamic AM/PM conversion curves are obtained (QAM) technique.

from (58b) and (59). Good agreement is found between all three techniques for

Since (23) involves amplitude ratios of signals at the sa . Co . )
frequency. the two-tone dvnamic techniaue does not require ;%%I/AM conversion. A significant difference is noted between
quency, W y : qu quire B static and dynamic techniques for AM/PM conversion. The

the microwave components (e.g., couplers) or the MICTOWaVE Ik 5 i ation of the two-tone technique is also extended to obtain
struments (€.9., power sensors, spectrum angl_yzer, _S|gna| geﬁ“f- amplitude characteristics of a TWTA output filter.

ators) have a flat frequency response. In addition, since (23) in-

volves only amplitude ratios, absolute power measurements a'® 5gA Measurement Results
not required. However, it is essential that the power sensors and

spectrum analyzer have excellent linearity. Fortunately, power! NS Section presents the dynamic AM/AM and AM/PM con-

sensors, when operated somewhat below their maximum powgfsions for an SSA (DBS Model 028N315). In this example,
input, have negligible deviation from linearity. The spectrum af€ large tone af. was at 2.8 GHz and the offset tone was at
alyzer is not as linear, but can be made acceptable by followifiL GHZ (25 dB smaller than the large tone). Treating the SSA
certain precautions. First, spectrum analyzer settings other tfixf: "onlinear One'blﬁjsﬁ; we see from (23) that the sideband am-
the center frequency must not be changed in the course of

|éude component$™” can be calculated using only small-
measurement sequence. Changing the resolution bandwidth,af%ﬁj large-signal spectrum analyzer and power-meter measure-
instance, can change the power reading by a few tenths o

nts. These quantities can then be substituted into (52) and
decibel, which is unacceptable. Second, the spectrum anal

), and then numerically integrated to arrive at the dynamic
power readings should be linearized by means of a lookup table /AM and AM/PM conversion curves shown in F'g' 3.
. To check the validity of these results, a comparison of the
The table can be generated by a comparison between spectrum . .
output distortion was made between the one-box model pre-
analyzer measurements and power meter measurements. Thir .
. . . ictions and the measured results. This was performed for a
the video bandwidth and other settings should be such that spec- : .
trum analyzer readings are consistent from sweep to swee 0-tone input signal over a 20-dB power range. The tones were
whaly 9 . P P- sgparated by 10 MHz and the first-tone input power was at 6-dB
tomation of the lookup-table generation, as well as the mg

t - ted i IEW %ut backoff from saturation. The second-tone input power was
gllizfiléﬁmen sequence, was Implemented | ap- swept from 26- to 6-dB backoff from saturation. Fig. 4 shows

S . . .how well the model predicts the output level of the tones and

No_t(_a that (54), which is used to derive dynamic .AM/PM’ '$he third- and fifth-order intermodulation products. Even though
sensitive to small errors for low AM/PM values. For instance, |, 1,0 del was generated from third-order intermodulation mea-
the AM/PMis only 0.9/dB, then an error in the measurement of | .\ 4o using a two-tone input with a 25-dB difference in

the normalized sideband amplitudes of 0.09 dB can yield 1O%wer level, it accurately predicts not only the output for two

3LabVIEW Virtual Instrumentation Software, National Instrumentation Cortones _Of equal maQ”'tUde’ but also the magn'tUde of the fifth-
poration, Austin, TX. order intermodulation products.
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B. TWTA Measurement Results ] )
) ) Fig. 6. Comparison of TWTA AM/AM measurement results.
This section presents the measurement of AM/AM and
AM/PM for a TWTA (Hughes Model 1277H) operating at 0
1.65 GHz. To contrast the differences between static and N
dynamic measurements, AM/AM and AM/PM curves were -10
measured using the following three methods: . \
. . o 20
1) standard static VNA technique; g N
2) two-tone dynamic technique with an offset frequency of £ 5, &
0.5 MHz; 5 e o
3) another dynamic technique using a 16-QAM input signal. &  -40 %
The 16-QAM dynamic method used a signal at a symbol rate g o i urasurement
of 1 MHz, conveniently generated by an HP8780A vector signal L Two-Tone Measurement
generator, and demodulated by an HP8981A vector modulation 5 . ‘
analyzer. This setup is shown in Fig. 5, where the mixers are 10 6 2 2 6
needed because of the modulation analyzer's 200-MHz carriet
limit Input Power (dBm)

The 16-QAM signal was sent through the TWTA. A referFig. 7. Comparison of TWTA AM/PM measurement results.
ence measurement was first made with the TWTA in linear op-
eration, then the signal level was increased to the desired operfhe results shown in Figs. 6 and 7 demonstrate that the
ating point. The phase rotation and amplitude compressioni8-QAM and two-tone techniques do indeed exhibit better
the outer 12 constellation points was compared to the inner fmgreement than either one does with the VNA measurement,
points to derive the AM/PM and AM/AM with the referenceparticularly for the phase shift versus input power. The dynamic
measurement being used to correct for the nonideality of tAd1/PM of this TWTA may be lower than its static value due to
modem. The HP 8981A has A/D converters that can digitizhe dynamics of the power supply as it is driven into saturation.
the constellation points, simplifying the calculations. Since this settling time of several milliseconds was observed when the
QAM measurement is also a dynamic technique, the results awTA was driven with a stepped input signal.
expected to agree more closely with the two-tone dynamic tech-The two-tone measurements described previously used a
nique than the VNA static technique. fixed offset frequency for the small-signal tone. The SSA
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Measurements were first presented for an SSA. These measure-
ments were validated by demonstrating the ability to predict
intermodulation products out to fifth order over a wide range
of input levels using a one-box dynamic AM/AM and AM/PM
model. In addition, measurements of a TWTA were presented
where the two-tone derived dynamic curves differed from the
single-tone derived static curves. The dynamic measurement
was validated by comparison to a measurement of the distor-

— VNA Measurement
------ Two-Tone Measuremen

. N
-2 -1.5 -1 -0.5 0 0.5 1 15

tion of a 16-QAM input constellation.
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measurements used an offset frequency of 10 MHz and the
TWTA measurements used an offset frequency of 0.5 MHz.
. 1]

In both cases, the offset frequency is small enough that the[
effects of the input and output filters in the three-box model are[2]
insignificant. In order to test the three-box model, including (3]
the two filters, a set of measurements were performed where
the offset frequency and center frequency were simultaneousl|
stepped across a 2.0-GHz bandwidth. These measuremen
were performed on a higher frequency broad-band TWTA
having an external output filter. A 100 different frequency [
points were measured, and the amplitude response of the
output filter H»>(f) was calculated according to (29) and the [6]
procedure described afterwards. Fig. 8 shows the result and, for
comparison, it includes a VNA measurement of the output filter [7]
external to the TWTA that was present in the measurements.
The VNA measurement and the two-tone measurement ar
similar, but do not completely agree. The VNA and two-tone
measurements are expected to agree within measurement errﬁ){i
only if there was no output filtetH,( f) internal to the TWTA.
V. CONCLUSION [10]

This paper has presented a simple two-tone technique {54
measure the dynamic carrier AM/AM and AM/PM curves
of a nonlinear device. A complete two-tone signal analysig!?]
showed how these curves can be derived from the amplitudgs
measurement of intermodulation products. Thus, a nonlinear
one- or three-box model can be constructed using a carriét?!
dynamically modulated at rates consistent with real-world
applications. This is an enhancement to models based on stati®]
carrier measurements, which could be in error due to thermal or
dc-bias effects. The one-box model can be directly constructeqs;
from spectrum analyzer and power meter measurements
made under small- and large-signal two-tone excitations. The
three-box model requires additional small-signal VNA sweeps[17]
and large-signal time-domain measurements, in order to obtain
the amplitude and phase responses of the surrounding filtergg;
A comprehensive and formal identification of several possible
versions of the three-box model was provided, including the
details of the measurement and data-processing procedungsj
needed to arrive at the model components.

A practical implementation of this technique has been de[20]
scribed, including the precautions necessary for accurate results.

the primary development of this paper.
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